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Quantitative elemental analysis by glow discharge mass spectrometry (GDMS) requires a 
calibration factor for each element. The calibration factors used in the present work are called 
relative ion yields (RIYs). The RIYs of each of 19 elements within samples of four National 
Institute of Standards and Technology steel reference materials (nos. 661-664) were mea- 
sured using pure argon and an argon mixture containing 1.0% hydrogen by volume. The 
RIYs measured using pure argon correlated within a factor of approximately 2-3 to the RIYs 
calculated by a theoretical model. The RlYs measured for these 19 elements using the argon 
mixture containing 1.0% hydrogen correlated within a factor of approximately 1.3 to the 
calculated RIYs. These results may have significant analytical potential with respect to 
GDMS and may have application to other plasma techniques. (J Am Sot Mass Spectrom 1993, 
4, 2 78-285) 
G 
low discharge mass spectrometry (GDMS) is a 
popular and powerful analytical method [l, 21 
for deter mining the elemental composition of 
metals and other solids. GDMS combines high sensitiv- 
ity with high dynamic range to measure elemental 
compositions from the 99 + wt% level down to the 
l-wt ppm level within approximately a 30-min survey 
analysis of all the elements. Levels below the 1-wt 
ppm, and even below the I-wt ppb level, can be 
obtained by using a sufficiently long data acquisition 
time across the peak of each isotope. Mass interfer- 
ences become more numerous and more critical as 
smaller peaks are measured to obtain lower detection 
levels. 
A double-sector glow discharge mass spectrometer 
is capable of both high sensitivity and high resolution. 
High resolution helps to eliminate peak interferences 
that, at unit mass resolution, would make unknown 
contributions to the peak intensities at the nominal 
masses of the isotopes of the elements being analyzed. 
Although the glow discharge phenomenon [3] is 
complex, a dc glow discharge has a relatively simple 
electrical and mechanical configuration capable of gen- 
erating a highly constant source of ions derived from 
the solid sample. A glow discharge is obtained by 
applying a dc potential to a metallic sample sur- 
Address reprint requests to Robert W. Smithwick III, P.O. Box 21X9, 
Building 9995, h&8189, Oak Ridge, TN 37831-8189. 
Published by Else-&r Science Publishing Co., Inc. 
7 M-0305/93 
rounded by argon at a pressure near 1 torr. The poten- 
tial on the sample (cathode) should be negative (for 
example, -1000 V) with respect to a second electrode 
(anode) within the argon. Under conditions similar to 
these, a visible glow surrounds the sample. Argon ions 
and other positively charged ions within the plasma 
are accelerated into the sample by the negative poten- 
tial, causing atoms to be sputtered from the surface of 
the sample. These sputtered sample atoms become 
ionized within the argon plasma by one of several 
mechanisms, including Penning ionization and elec- 
tron-impact ionization. 
Quantitative determination of the elemental compe 
sition of a sample requires a calibration factor for each 
observed element. In former work [4], calibration fac- 
tors called relative ion yields (RIYs) were discussed. 
RIYs are measured by acquiring the mass spectrum of 
a reference material and measuring the intensities of 
the isotopes of each of the elements that are certified 
with respect to composition: 
(wt %),,(Isotope area),/(lsotope abundance), 
RI”, = (wt %).(Isotope area),,/(Isotope abundance)Fe 
(1) 
For steel samples, the RIY of each element in the 
sample (s) is computed relative to an isotope of the 
element iron (Fe) (eq 1). Multiplying both sides of eq 1 
by (wt %),/R& results in an equation for (wt %a>, that 
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is useful for quantitating a sample of unknown compo- 
sition by assigning values for the RIY, of the elements. 
In the calculation of the composition of each element, 
the measured peak area of an isotope is divided by the 
RIY of that element. If (wt %:o)re is not known precisely 
for the purpose of quantitation, an assumed value can 
be subsequently scaled to achieve 100 wt % for the 
sum of the elements. Relative sensitivity factors (RSFs), 
also commonly used, are the reciprocals of the RIYs, 
making them factors that multiply the measured peak 
areas in the calculation of elemental composition. 
Other workers 151 have tabulated experimental val- 
ues of the RSFs of 56 elements within different sample 
matrices. After considering numerous factors that could 
affect the RSFs, these workers chose parameters for (1) 
Penning ionization, (2) electron-impact ionization, and 
(3) three-body collisional processes to model RSFs. The 
RSFs calculated by their model agreed with the mea- 
sured RSFs within a factor of 2-3 for most, but not all, 
elements. 
In former work [41, the RIYs of 84 elements were 
calculated by a simple two-parameter theoretical model 
described by a sputter factor, an ionization factor, and 
an atomic weight factor. A strong correlation was 
observed by plotting RIYs calculated by this model 
with respect to the corresponding RIYs of 17 elements 
within a Cr-V steel standard [National Institute of 
Standards and Technology (NIST) 1263a] that was ana- 
lyzed [6] on a prototype glow discharge quadrupole 
mass spectrometer. In that work, the worst agreement 
within this set of 17 elements was a factor of 2 between 
the experimental and calculated RIYs of sulfur. 
Initially, we were unable to measure RIYs for steel 
standards by GDMS that would correlate to calculated 
RIYs as well as the measured RIYs of NIST 1263a in ref 
6 had correlated. RIYs measured and reported by other 
researchers did not correlate as well either. The survey 
mass spectrum of NIST 1263a in ref 6 showed a high 
ratio (near 1O:lJ of ArH+ to Ar+, indicating that a 
significant quantity of hydrogen was present within 
the argon plasma, even though no large water peaks or 
hydrocarbon peaks were evident within this survey 
spectrum. 
In the present work, both pure argon and a mixture 
of argon containing 1% hydrogen by volume were 
each used to measure the RlYs of 19 certified elements 
in four NIST steel reference standards (nos. 661-664, 
set no. S668). The addition of 1% hydrogen to the 
argon was found to significantly improve the correla- 
tion between the measured RIYs and the RlYs calcu- 
lated from a simple theoretical model. Mass spectra 
were acquired with a high-resolution glow discharge 
mass spectrometer. 
Experimental 
The high-resolution glow discharge mass spectrometer 
used in this work was a Concept S32 manufactured by 
Kratos Analytical, Ltd. (Ramsey, NJ). It is a double- 
sector instrument of Nier-Johnson geometry. This in- 
strument was supplied with a Sun3E computer (Sun 
Microsystems, Inc., Mountain View, CA) having a 32- 
bit processor capable of 3 million instructions per sec- 
ond. This computer has 16 Mbytes of main memory 
and 380 Mbytes of memory on a hard disk. The com- 
puter software is accessed through a windows menu to 
perform such operations as data acquisition, mass cali- 
bration, and the calculation of elemental composition. 
Survey data obtained by scanning the magnetic 
field can be mass calibrated (by assignments of known 
peaks) to high accuracy over a mass range, 2-300 u, 
sufficient for GDMS. The combination of high resolu- 
tion and high accuracy permits centroided peaks to be 
assigned reliably to the isotope ions of the elements or 
to molecular ions. (Molecular ions are proposed by the 
operator within a software file.) Any portion of a mass 
spectrum may be displayed, with the observed peaks 
labeled as calibrated mass, area, or symbol (of atomic 
or molecular ion). These labels are assigned automati- 
cally to the mass-calibrated spectrum by the criterion 
of matching masses within a specified mass tolerance 
(of 100 ppm, for example). 
Several additions and modifications have been made 
to the instrument, To measure the pressure within the 
source, the glow cell was connected by a 0.1~in. id. 
tube to an MKS Baratron pressure transducer. Because 
the source operates at a potential of +8000 V and 
because argon at a pressure near 1 torr becomes elec- 
trically conductive between gradients of high voltage, 
the pressure head and digital readout were isolated 
with a transformer and operated at + 8000 V above the 
electrical ground of the instrument. The transformer, 
the pressure gauge, a high-voltage power supply, and 
several digital voltage displays were enclosed within a 
clear plastic box having 0.5-in.-thick walls. With a 
Baratron reading of 1.2 torr in the glow cell, the ion 
gauge pressure reading within the electrostatic ana- 
lyzer remained less than 5 X 10-s torr. These pressure 
readings are displayed continuously while the instru- 
ment is in full operation. 
The argon gas inlet line was coiled around a cold 
finger containing liquid nitrogen to condense water 
and hydrocarbon impurities out of the argon before 
the gas enters the glow cell. Because argon has a 
boiling point that is 10 “C above the boiling point of 
nitrogen, the argon gas must be at a pressure suffi- 
ciently below atmospheric pressure to prevent liq- 
uidizing the argon by the liquid nitrogen. 
Samples of four NIST steel reference materials (nos. 
661-664, set no. S668) were analyzed separately in 
99.997% pure argon and in an argon mixture contain- 
ing 1.0% hydrogen by volume. Each analysis was 
initiated with a fresh end of the appropriate reference 
material. Glow discharge mass spectra were obtained 
by using a gas pressure reading of 1.20 torr and a 
cathode-anode voltage reading of - 1000 V. The peak 
corresponding to “Fe (which has a natural abundance 
of 5.8 atom %) was scaled to approximately 9 V (of the 
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10-V amplifier) by adjusting the gain of the electron 
multiplier. The peak corresponding to 56Fe is off scale. 
A postacceleration detector was the only type of detec- 
tor used in the present work. 
Mass spectra were scanned from 5 to 250 u in a 
survey mode under DAC-scan mode with magnetic 
field control. This scan range involved over one-half 
million time channels. The scan rate was set to 60 s per 
decade, and the mass resolution was set near 7000 
(peak width definition at 5% of peak height). The Hall 
probe was maintained at a temperature constant to 
within *Cl.01 “C by using a Neslab Model-RTE refrig- 
erated, recirculating water bath. 
For each separate analysis, approximately 2 Mbytes 
of data were stored on disk within an acquisition time 
of 1 h. Data acquisition for each analysis was started 
within 5-10 min after the glow discharge had been 
initiated on a fresh sample. Eighteen scans during the 
last 30 min of each analysis were summed and then 
mass calibrated. 
Figure 1 shows a 0.1 mass width of the mass spec- 
trum of NIST no. 664 near m/z 28. The tallest peak is 
derived from the 660 wt ppm of silicon in this steel 
reference standard. The resolution of the peaks within 
the spectrum in Figure 1 was approximately 6000, 
indicating a high degree of instrument stability for this 
operational mode over a 30-min time period. Figure 1 
demonstrates that this resolution is adequate to sepa- 
rate multicharged ion interferences and hydride ion 
interferences. 
Results, Calculations, and Discussion 
The RlYs measured for the 19 major elements in NIST 
standard steel materials (nos. 661-664) are shown in 
Table 1 for pure argon and for an argon mixture 
containing 1.0% hydrogen. Each isotope of a given 
element permits an independent determination of the 
RIY of that element if the peak corresponding to that 
isotope gives an accurately measured area and if the 
peak is predominantly free of mass interference. In 
addition to the RIYs shown in Table 1, I4 other deter- 
minations of the RIYs of minor isotopes (C, Si, S, Ti, 
Cr, Fe, Ni, and MO) were also measured. The peak 
corresponding to 54Fe is an example of a peak that is 
predominantly free of mass interference. It is an im- 
portant example because all of the measured RIYs in 
the present work are referenced to “Fe. Although ?Zr 
is a mass interference to 54Fe (when the mass spec- 
trometer has a resolution below approximately SO,OOO), 
no more than approximately 0.5% of the total area 
assigned to =Fe is contributed by 54Cr in the steel 
reference standards analyzed in the present work. For 
this reason, the area of the peak has been assigned 
exclusive1 to %Fe without correcting for the 54Cr. By 
contrast, x Cr has an enormous interference from “Fe. 
An average value for the measured RIY of each of 
the 19 elements in Table 1 was computed in the follow- 
ing manner (for pure argon and separately for argon 
containing 1% hydrogen). In the case of RIYs mea- 
sured for a single isotope of an element, a simple 
average was taken among the measurements of the 
different steel standards. In the case of multiple iso 
topes having multiple values of RIY for the same 
element, an average RIY was first computed for the 
element by weighing the measured RIY of each isotope 
by its natural abundance divided by the total abun- 
dances of the isotopes involved in the average; then 
the average was taken among the measurements of the 
different steel samples. For an individual analysis, this 
definition is equivalent to calculating RIY by first sum- 
ming all of the interference-free areas associated with a 
given element and dividing by the sum of the abun- 
dances associated with that total area. In addition to 
the RIYs in Table 1, 14 other RIYs of minor isotopes 
were also used to compute average RIYs. The average 
measured RIY for 19 elements is shown in Table 2 for 
pure argon and for argon containing 1% hydrogen. 
The following equation was used for the purpose of 
calculating RIYs for each of 96 elements from a theoret- 
ical model: 
RIYs= 
(Mass factor),(Ionization factor),(Atomic weight)r, 
(Mass factor)r,(Ionization factor),(Atomic weight), 
The atomic weight factors in eq 2 are necessary to 
convert from a per-atom basis to a per-gram basis. 
In the present work, an empirical mass-dependent 
factor was substituted for the sputter factor used in 
former work 141: 
(Mass factor), = 1 ~ c-sW. (3) 
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Table 1. Individual values of RIYs for isotopes of 19 elements measured for Nl 
nos. 661-664 with pure argon and with argon containing 1% hydrogen by volun 
RIYS RlYs RIYs RIYs RIYs RIYs 
ObS PerCell No. 661 No. 662 No. 663 No. 664 No. 661 No. 662 
Ian Isotope Argon Argon Argon Argon 1% H, 1% H, 
‘F 98.89 0.340 0.617 0.328 0.356 0.195 0.188 
Tl 73.94 2.853 3.256 2.924 2.939 1.586 1.850 
“V 99.74 I.967 1.742 1.860 1.819 1.357 1.172 
-0 83.76 0.550 0.61678 0.523 0.572 1.102 1.108 
-. 
J’Mn 100.00 0.689 0.713 0.660 0.650 1.072 1.082 
=Fe 5.82 1.000 l.ow 1.cw 1.000 1.000 l.oc) 
-2x 51.46 1.597 1.691 1.612 1.693 0.649 0.771 
9’zr 11.23 1.074 1.616 1.475 1.6OQ 0.622 0.788 
“Nb 100.00 1.641 1.597 1.661 1.576 0.657 0.700 
Wa 1 23.78 1 0.995 1 0.980 1 0.852 1 0.973 1 0.828 1 0.730 
“‘TZ3 99.99 0.747 0.656 0.756 0.730 0.2cnl 0.304 
‘=W 26.41 0.650 0.739 0.671 0.725 0.292 0.347 
,“W 14.40 0.534 0.708 0.654 0.675 0.245 0.334 
‘“W 30.64 0.62? 0.732 0.668 0.690 0.280 0.336 
‘=W 28.41 OSY4 0.743 0.708 0.709 0.286 0.325 
I- steel sample 
0.956 ! 0.987 11 
0.487 I 0.533 II 
0.162 1 0.151 II 
0.750 I 0.777 II 
Table 2. Average values of RIYs for 18 elements measured with pure argon and with 
argon containing 1% hydrogen 
Average measured RIY Average measured RIY 
Element No hydrogen 1% hydrogen Element No hydrogen 1% hydrogen 
C 0.412 0.170 CO 0.946 0.774 
Al 1.186 2.123 Ni 0.611 0.697 
Si 0.679 0.971 CU 0.217 0.524 
P 0.372 0.208 AS 0.254 0.170 
S 0.505 0.186 Zr 1.614 0.763 
Ti 2.973 1.680 Nb 1.619 0.710 
V 1.647 1.275 MO 0.924 0.750 
Cr 0.564 1.124 Ta 0.722 0.314 
Mrl 0.678 1.071 W 0.681 0.299 
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There are two reasons for changing from the sputter 
factor to this mass-dependent factor. One reason is that 
researchers in GDMS commonly regard the process of 
sputtering as being mass independent because atoms 
of an element that sputter with low efficiency are 
concentrated at the surface. After a few atomic layers 
have been removed by sputtering, a steady-state rate 
of sputtering is expected without a mass dependence. 
The second reason for using eq 3 is that it is simpler 
to use than the former equations. A single parameter 
B, taken to be 0.04/g in the present work, is assumed 
to determine the shape of the mass dependence re 
gardless of the origin of this mass dependence, and W, 
is the average atomic weight of element “s.” The term 
shape is used because multiplying eq 3 by any constant 
gives the same calculated RIYs, as this constant would 
cancel within eq 2 because the ratio of each element is 
taken with respect to the element iron. 
The mass dependence of the electron yields that 
result from ions striking a metal target has been de- 
scribed [7] by equations that are similar to the sputter- 
ing factor used in former work [4]. In the present 
work, this metal target is the aluminum knob of the 
postacceleration detector (at -8000 V) in front of the 
electron multiplier. As pointed out in Section 5.3 of ref 
5, the response of an ion-counting detector should be 
independent of the mass of the ion that strikes the 
detector, whereas an analog detector (as used in the 
present work) would have mass dependence. The type 
of detection used will influence both the measured 
RIYs and the mass-dependent factor of eq 3 required to 
best correlate measured and calculated RIYs. Apart 
from the detector, the mass spectrometer may influ- 
ence the mass distribution of the ions reaching the 
detector. It should be mentioned that the ion transmis- 
sion characteristics of a magnetic sector mass spec- 
trometer show less mass discrimination than those of a 
quadrupole mass spectrometer. 
The ionization factor, used previously, is most eas- 
ily described as a statistical mechanical concept called 
an occupation number [S] corresponding to Fermi- 
Dirac statistics for an ideal gas [8,9] having the follow- 
ing equilibrium process: M-e M++ 2e-. This factor 
can also be derived by writing the equilibrium con- 
stant for the same process in terms of partition func- 
tions, followed by some simplifying assumptions [4]: 
1 
(Ionization factor), = I + e+11,600(EA,+IP,~p)/T (4) 
The constant 11,600 in eq 4 is the reciprocal of the 
Boltzmann constant and has units of degrees Kelvin 
per electron volt; rP, is the first ionization potential 
[lo], in electron volts; and EA, is the electron affinity 
[ll], in electron volts, for a given element. Missing 
values among the heavy elements within these refer- 
ences were assumed to be 0 eV for electron affinities or 
6 eV for ionization potentials. In the present work, the 
plasma temperature T is taken to be 14,000 K (16,000 K 
was used in ref 4), whereas the chemical potential p is 
taken to be 9.0 eV. An element is calculated by eq 4 to 
be 50% ionized when EA, + IPs equals /.L. 
The RIYs calculated using eqs 2-4 are shown in 
Table 3 for 96 elements. The ionization potentials and 
electron affinities used in this calculation are tabulated 
in addition to the percentage of positive ions (calcu- 
lated by eq 4) for each element. The calculated RIYs in 
Table 3 are similar to those calculated previously for 
elements having a mass lower than approximately 70 
u, but the calculated RIYs for significantly heavier 
elements are approximately one-half the values of the 
RIYs calculated previously [4]. The calculated IUYs are 
intended to represent elements that are sputtered off 
the surface of the sample, rather than elements that are 
volatilized from the inner volume of a (porous) sam- 
ple. 
Figure 2 shows the linear plot of the calculated RIYs 
of Table 3 as a function of the average RIYs of Table 2 
for the same element measured in pure argon. The 
agreement in Figure 2 between measured and calcu- 
lated RIYs is within a factor of approximately 2-3. This 
agreement is comparable to that achieved by others [5] 
using another theoretical model. If all RIYs were as- 
sumed to have the value 1.0, the agreement with these 
measured values would be within a factor of 5. 
Figure 3 shows the linear plot of the calculated RIYs 
of Table 3 as a function of the average RIYs for the 
same element in Table 2 measured in argon containing 
1.0% hydrogen. The measured RIYs correlate within a 
factor of approximately 1.3 to the RIYs calculated for 
these elements. The improved correlation found in 
Figure 3, compared with Figure 2, may indicate that 
hydrogen species within the argon plasma cause the 
populations of sample ions to conform more closely to 
the thermodynamic function of eq 4. Future work will 
be required to determine the mechanisms that may 
give rise to this improved correlation. 
The compositions of four rare earth elements were 
also determined using the data taken with argon con- 
taming 1% hydrogen and using the calculated RIYs 
from Table 3. These compositions are shown in Table 4 
with the certified compositions of NIST steel reference 
materials nos. 661-663. Although these rare earth ele- 
ments are present at only a few weight parts per 
million, the agreement was favorable for this survey 
analysis. 
The temperature (14,000 K) and the chemical poten- 
tial (9.0 eV) should be regarded as mathematical pa- 
rameters until they can be measured within the mass 
spectrometer. These parameters, which are similar to 
those discussed and chosen in past work [4], plus the 
mass-dependent factor (B = 0.04 g-l), were chosen in 
the present work to optimize the agreement shown in 
Figure 3. Other combinations of closely similar param- 
eters might also have given agreement similar to that 
shown in Figure 3. Changing these parameters could 
also change the correlation shown in Figure 2; how- 
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Table 3. RTY calculated by eqs 2-4 for 96 elements using T = 14,COO K, /A = 9.0 eV, and 
B = 0.04 g-1 
284 ShlITHWlCK ET AL. 
Ti . ! 
3.0 
Figure 2. Plot of the calculated RIYs from Table 3 versus the 
average measured RlYs from Table 2 that were obtained for 
samples of NIST steel reference materials (nos. 661-664) using 
pure argon. 
ever, no parameter set was found that would signifi- 
cantIy improve the overall correlation represented in 
Figure 2. 
Oxygen, fluorine, and gold are especially interesting 
because the RIYs calculated for these elements are low, 
owing to their ionization potentials and positive elec- 
tron affinities. The RIYs of these elements were not 
measured in the present work. The calculated RIY of 
oxygen is shown to be 0.02 in Table 3. This value 
corresponds to an RSF of approximately 50, which 
agrees favorably with the RSF of oxygen measured [51 
to be 50 + 10 in steel standards. The calculated RIY of 
fluorine, shown to be 0.00 in Table 3, is 0.00014 (corre- 
sponding to an RSF of roughly 70001, but no experi- 
mental, value for fluorine was determined in ref 5. The 
25 
/ 
0.0 v 1 I I 
0.0 0.5 1.0 15 2.0 2.5 3.0 
EXPERIMENTAL RlYl 
Figure 3. Plot of the calculated RIYs from Table 3 versus the 
measured RfYs from Table 2 that wei-e obtained for samples of 
NIST steel reference materials (nos. 66-6644) using an argon 
mixture containing 1% hydrogen by vohxne. 
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Table 4. Comparison of measured and certified compositions 
of rare earth elements at low-weight parts per million levels 
Rare earth Measured composition Certified composition 
isotope 661 662 663 661 662 663 
‘ssLa 3 3 5 4 4 6 
““Ce 15 15 12 13 11 16 
14’Pl 1 1 1 1.4 1.2 1.8 
la4Nd 3 3 5 3 5 7 
calculated RIY of gold is shown in Table 3 to be 0.04, 
corresponding to an RSF of approximately 25; how- 
ever, the experimental RSF of gold in a copper matrix 
is reported [51 to be 2.4. As demonstrated in Figures 2 
and 3, the RIYs of some elements change significantly 
on addition of hydrogen to the argon. Additional work 
will be required to investigate both a wider variety of 
elements and a variety of matrices. 
In preliminary work, argon containing 0.1% hydro- 
gen resulted in measured FUYs that were nearly the 
average of the RIYs measured in pure argon and the 
RIYs measured in argon containing 1.0% hydrogen. 
The RIYs measured in argon containing 10% hydrogen 
were roughly the same as those measured in argon 
containing 1% hydrogen, except that the measured 
RIY of phosphorus was reduced by a factor of 2/3, and 
the measured RIY of sulfur was reduced by a factor of 
l/2. 
Summary 
RIYs have been measured for samples of NIST steel 
standards (nos. 661-664) with a high-resolution GDMS 
operated using pure argon and separately using an 
argon mixture containing 1.0% hydrogen by volume. 
The presence of hydrogen improved the correlation to 
within a factor of approximately 13 between experi- 
mental and calculated RIYs. No mechanism was pm 
posed in the present work to explain this improved 
correlation. The mass dependence, previously assigned 
to the sputtering phenomenon [4], is now believed to 
be due mostly to the mass dependence of the electron- 
multiplier detector operated in analog mode. 
The strong correlation between measured and calcu- 
lated RlYs may have significant analytical potential. 
Although adding hydrogen to the argon promotes the 
production of hydrogen-containing ions within the 
glow discharge, these ions are easily resolved from 
analyte ions by using a double-sector instrument. 
Further work is needed to demonstrate its range of 
application with respect to additional elements and to 
additional types of samples. FinaIly, the methods and 
correlations described in the present work may find 
application to other plasma techniques. 
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